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1.0 INTRODUCTION

MUFAN is a computer program (coded in FORTRAN IV (G) for the IRM 360/65)
which solves fluid flow systems involving one or more branches or loops for
flow rates,pressure drops and pressures. The program is primarily intended
for the analysis of piping systems and the flow is assumed to be one-dimensional,
incompressible and steady-state. Friction head loss data for several fittings
commonly found in piping systems 1s built into the program as well as density

and viscosity data for liquid water, liquid NaK, liquid mercury and L4p3E.

2.0 USER'S GUIDE

The first step in preparing data for MUFAN is to make a schematic of the
system to be analyzed. The schematic should include only the details necessary
for the fluid flow analysis. The next step is to indicate nodes (or stations)
on the schematic., There must be a node at both ends of each fitting, pump,
component, etc. Each node is then assigned a unique number from 1 to 500
(inclusive). The nodes may be numbered in any manner desired; however, it is
suggested that, for the sake of readability, the nodes be numbered in increasing
order in the direction of fluid flow and that numbers be left out so that, if
necessary, additional nodes can be inserted at a later time without disturbing

the numbering scheme. An example of a schematic with node numbers appears below.
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) The next step is to describe each of the members (straight pipes,
fittings, pumps, components, etc.) that make up the system. The number of
the node at which fluid enters the member and the number of the node at which
‘fluid leaves the member (in that order) must be specified for each member.
These pairs of node numbers determine how the members are conneected to form
the system and also determine the positive direction for fluid flow in each
branch of the system. Member data is coded on MEMBER cards which are
described in Section 2.1.6. If the member is a pump or component, flow rates
are coded od CQ cards (Sec. 2.1.2) and the corresponding A P's are coded on
CP cards (Sec. 2.1.2).



To complete the description of the system it is necessary to specify the
fluid to be used, the fluid temperature at each node point, the elevation at
each node point, and the appropriate pressure and fluid flow constraints.
The type of fluid to be used is coded on the BEGIN card (Sec. 2.1.1), the
temperatures at the nodes and the elevations at the nodes are specified on
the NODE cards (Sec. 2.1.7), pressures which are to be fixed are coded on
the PRESSURE cards (Sec. 2.1.8), and flow rates to be fixed are coded on the
MEMBER card for the first member in the branch for which the flow rate is to
be fixed.

The specification of proper fixed pressures and fixed flow rates is
crucial to the analysis of the Sy;tem. MUFAN will reject any system that is
either underdetermined or overdetermined. As an example, consider a system

which consists of a single straight pipe:

b——.
1 2

If the pressure is fixed at node 1 and node 2, the system can be solved, If,
however, only the pressure at node 1 is fixed, the system is underdetermined
and cannot be solved. If the pressure is fixed at node 1 only and the flow
rate in the pipe is fixed, the system can be solved. If, however, the
pressure at node 1, the pressure at node 2, and the flow rate are all fixed,

the system is overdetermined and cannot be solved.

2.1 INPUT DATA DECK

The input data for MUFAN is contained on the following types of cards:
BEGIN, CP, CQ, END, FD, FT, FV, LABEL, MEMBERS, NJDE, PRESSURE, AND
TEMPERATURE., The BEGIN card must be the first card in the data deck and the
END card must be the last card in the data deck; the remaining cards may
appear in any order in the data deck. The data decks for several cases may
be "stacked" so that they will be processed in a single computer run. A

sample MUFAN deck set up appears below in Figure 1.
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Figure 1 - MUFAN Deck Set-Up

Detailed descriptions of each type of card appear in the seetions below.

The entries under the heading "Field Type" have the following meanings:

A - alphanumeric data (any legal character). If a letter or group of

letters appears in capitals under the "Data" heading for that field,

the letter or letters must be coded exactly as shown.



F - floating point (real) data. Must have a decimal point., If the E
notation is used (for example 2.0E-6 instead of .000002), the

exponent must be coded in the right-most column(s) of the field.

I - Integer data.

Must be coded in the right-most columns of the field

and must not have a decimal point.

X = blank

2.1.1 BEGIN CARD

The BEGIN card must be the first card in the data deck for each case.

The format of the card is described below.

CARD

COLUMNS

1
2-3
L

5-1k4
15-2h
25-3h
35-k
L5_5h
55-58

59
60

61-80

FIELD
TYPE

A
X
I

e B

DATA
B or blank
blank
Fluid type
1 = NaK
2 = Mercury - liquid
3 = Lp3E
L = Not used
5 = Water - liquid
6 = Fluid properties input by the user on

I'D, FT, and ¥V cards
X - acceleration, g's
Y - acceleration, g's
Z - acceleration, g's
Maximum allowable absolute error in flow
rate (- 1.0 lb/hr if left blank)
Maximum allowable relative errcr in flow
rate (=0.01 if left blank)
Maximum number of iterations to be performed
(=50 if left blank)
blank
=0 or blank - lengths, bend radii and elevations
are in feet
=1 - lengths, bend radii and elevations are in inches
blank



2.1.2 CP and CQ CARDS

CP cards are used to specify pressure drop versus flow rate for

components., The component pressure drop (in psi) for selected flow rates

is coded on a CP card and the corresponding flow rates (lb/hr) are coded on
a CQ card. For pumps, the head in feet of fluid for selected flow rates is
coded on a CP card and the corresponding flow rates (in GPM) are coded on a
CQ card. MUFAN uses linear interpolation to find values of pressure drop
(or fluid head) that correspond to flow rates between the selected values on
the CQ card. If a flow rate is less than the smallest flow rate on a CQ
card, the pressure drop (fluid head) corresponding to the smallest flow rate
on the card is used; if a flow rate is greater than the largest flow rate on
a CQ card, the pressure drop (fluid head) corresponding to the largest flow
rate is used. The flow rates must be coded in increasing order from left

to right on each CQ card.

Component or pump data coded on CP and CQ cards is referenced by
assigning a component or pump type number on the CP and CQ cards and also
coding that type number on any MEMBER cards that represent a member which is
that type of pump or component. For example, suppose that in the system to
be analyzed we have several check valves that all have the same pressure drop
versus flow rate characteristics. We could code the pressure drop versus
flow rate data on a pair of CP and CQ cards, assign a component type, number,
say 1, and then code that component type number on each MEMBER card that

represents one of the check valves.

CARD FIELD
COLUMNS TYPE DATA
1-2 A CP or CQ
3 X blank
b7 A COMP or PUMP
8-10 I Component type, 1-41, or, pump type, 1-9
11-17 F 1st P, pump head, or flow rate
18-24 F 2nd P, pump head, or flow rate
25-31 F 3rd P, pump head, or flow rate



CARD FIEID

COLUMNS TYPE DATA

32-38 F Lth P, pump head, or flow rate
39-45 F 5th P, pump head, or flow rate
L46-52 F 6th P, pump head, or flow rate
53-59 F Tth P, pump head, or flow rate
60-66 F 8th P, pump head, or flow rate
67-73 F 9th P, pump head, or flow rate
T4-80 F 10th P, pump head, or flow rate

2.1.3 END CARD

An END c
be the last card

ard indicates the end of the data cards for a case and must

in the data deck for each case.

CARD FIELD

COLUMNS TYPHR DATA
1-3 A END
480 X blank

2,1.4 FD, FT, AND FV CARDS

If the user wishes to use a fluid other than those whose properties

are built into th
supply fluid dens
Selected temperat

e program (NeK, liquid mercury, 4P3E, liquid water), he must
ity and viscosity versus temperature on FD, FV, and FT cards.

ure values (degrees F.) are coded on the FT card, increasing

from left to right. The fluid density values (pounds per cubic foot) corres-

ponding to each t
viscosity values
on the FV card.
10).

emperature value are coded on the FD card and the fluid
(1b./hr.-ft.) corresponding to each temperature are coded

Interpolation is performed by Subroutine INT4 (see Reference

CARD FIELD

COLUMNS TYPE DATA
1-2 A FD or FT or FV
3-10 F lst density, temperature or viscosity value
11-18 F 2nd density, temperature or viscosity value
19-26 F 3rd density, temperature or viscosity value



CARD FIELD

COLUMNS TYPE DATA
27-34 F hth density, temperature or viscosity value
35-42 F 5th density, temperature or viscosity value
43-50 F 6th density, temperature or viscosity value
51-58 F Tth density, temperature or viscosity value
59-66 F 8th density, temperature or viscosity value

\ 67-T4 F 9th density, temperature or viscosity value
75-80 blank

2.1.5 TABEL CARDS

IABEL cards are used to place title information at the top of each

page of MUFAN printout. There may be up to 3 LABEL cards for each case,.

CARD FIELD
COLUMNS TYPE DATA
1 A L
2-80 A Any title information desired.

2.1.6 MEMBER CARDS

MEMBER cards are used to describe the members (straight pipe, fittings,

components, pumps, etc.) that make up the system that is to be analyzed. Each
MEMBER card describes one member.
CARD FIEID
COLUMNS TYPE DATA
1 A M
2 X blank
3-5 I Number of the node at which fluid enters the
member,
6-7 X blank
8-10 I Number of the node at which fluid leaves the member.
11-17 X blank
18-24 F If member is

ces Straight pipe, gradual expansion or contraction --
code the length in feet or inches
ces A bend -- code the radius in feet or inches

None of the above -~ leave blank



CARD FIELD

COLUMNS TYPE DATA

25-30 F Upstream outside diameter, Dl’ inches. (See
Sect. 2.1.6.1)

31-36 F Upstream wall thickness, inches

37-41 F If the member is a bend, code the angle of the

bend in degrees (maximum bend angle allowed is 180°).
If the member requires a downstream outside
diameter (Dg), code the downstream wall thickness.

If neither of the above apply, leave blank.

Lo X blank

L3 I 1 If fixed pressure drop (see Sect. 2.1.6.2)
2 If free pressure drop (see Sect. 2,1.6.2)
3 If fixed pressure rise (see Sect. 2.1.6.2)
0 or blank if none of the above

Ll I 1 If fixed flow rate (see Sect. 2.1.6.3)
0 "or blank if not

45 I If the member is a pump, code the type number of
the pump, otherwise O or blank.

he- bt I If the member is a component, code the type number
of the component, otherwise O or blank

48-49 I If a K-factor is to be used for the member, enter
the K-factor code (see Sect. 2.1.6.4), otherwise
O or blank.

50-51 I If an equivalent length (Ie/D) is to be used for
the member, enter the equivalent length code (see
Sect. 2.1.6.5), otherwise O or blank.

52 X blank

53-58 F Depending on what is coded in columns 48-51, enter
value of K-factor, value of Ie/D, diameter of
orifice (DO), or blank,

59-65 F Downstream outside diameter, D, (See Sect. 2.1.6.1)

2



CARD FIELD
COLUMNS TYPE DATA

66-72 F Depending on what is coded in columns U43-4k, enter
value of fixed flow rate, value of fixed pressure

drop, value of fixed pressure rise, or blank.

T3-79 F If the member is a straight pipe or an equivalent
length has been selected, enter the roughness in

inches, otherwise leave blank
80 X blank

2.1.6.1 OUTSIDE DIAMETER

If a member has a constant diameter from inlet to outlet, the outside
diameter, D., is coded in columns 25 thru 30 of the member card and the field
for D2 is left blank. If a member has an upstream outside diameter that differs
from the downstream outside diameter, the upstream outside diameter (Dl) must
be coded in columns 25 thru 30 and the downstream outside diameter (Dg) must be
coded in columns 59-65. Pumps require both Dl and D2 whereas Dl need be coded
for components only if a printout of Reynolds number based on Dl is desired.

Examples showing D, and D, appear below.
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2.1.6.2 PRESSURE DROP CONSTRAINTS

If a fixed pressure drop (or rise) is specified for a member, the
pressure drop (or rise) provided by the user in columns 66 thru 72 of the
MEMEER card is taken to be the pressure drop (or rise) across the member
regardless of the flow rate. If a free pressure drop is specified for a
member, MUFAN computes the pressure drop required to satisfy the conditions
imposed on the system. As an example of the use of a free pressure drop,

consider the system shown below:

CONMPONENT
so| w~o 2 55 6O
45 65 .
/ , /09pse
! s COMPONENT E] . n A
5000 LB/MR 0 8| _Ne- 7 Z2o 30| | 138 4o 70
e ORIFICE

3000 28/

It is desired to size the orifice to obtailn the flow distribution shown. To
accomplish this, the flow rates shown are coded as fixed and the character-
istics of the two components are coded on CP and CQ cards. Member 30-35 is
coded as a free pressure drop and the outside diameter is coded in columns

25 thru 30 of the MEMBER card. The remaining members are coded on additional
MEMBER cards and the pressure at node TO is specified on a PRESSURE card.
MUFAN will compute the pressure drop from node 30 to node 35 required to
obtain that pressure drop. If the outside diameter is left blank on MEMBER
card 30-35, the pressure drop will be computed but the orifice diameter will

not.

11
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It should be noted that if a fixed pressure drop (or rise) or a free
pressure drop is called for, all but the following data items on the MEMBER
card are ignored: the node numbers, the outside dlameter (Dl), the wall
thickness, the fixed flow rate flag, and the value of the fixed flow rate
(if any).

2,1.6.3 FILOW RATE CONSTRAINTS

If the first member in a branch 1s coded as having a fixed flow rate,
the entire branch is considered to have the same fixed flow rate (to satisfy
continuity of mass flow). MUFAN checks to see if the flows fixed by the user
imply fixed flows in other branches, and, if so, fixes the flows in these
branches. As an example of implicitly fixed flow rates, consider the system

shown below:

o
T

SOOO LBIHR. A B )

[
—

Jooo L8/HE

The flow rates in branches "A" and "B"” are fixed at the values shown.
To satisfy continuity the flow rate in branch "C" must be 2000 1b/hr. and the
flow rate in branch "D" must be 5000 1b/hr., therefore MUFAN would auto-

matically fix the flow rates in these two branches.
2.1.6.4 K-FACTORS

K-factors are used to compute the head loss through bends, fittings,

components, etc. according to the relationship:

12
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Ah =

#5,

Where:

]

head loss, ft.
K-factor, dimensionless
fluid velocity, ft./sec.

h < = &
It

= acceleration of gravity, ft./sec./sec.

If the user chooses to have the program use a K-factor in the head
loss computation for a member, he should code one of the numbers listed below,
otherwise the field (cols. 48-L49) should contain zero or blank., In the
descriptions below, "tubing'" refers to roughness on the order of smooth
tubing while "piping" refers to roughness on the order of cast pipe. See

Section 3.1.1 for the K-factor values which are built into the program.

CODE DESCRIPTION

1 300 or 450 tubing branch-flow out through branch
2 60° tubing branch-flow out through branch

3' 90O tubing branch-flow out through branch

i HSO branch on a 90o elbow-flow out through branch
5 TO branch on a 90° elbow-flow out through branch
6 150 branch on a 1550 elbow-flow out through branch
T 1350 tubing branch-flow out through branch

8 450 tubing branch-flow through main

9 90° tubing branch-flow through main

10 135° tubing branch-flow through main

11 1,59 tubing branch-flow in through branch

12 90O tubing branch-flow in through branch

13 1350 tubing branch-flow in through branch

1k Tubing bend (code the angle of the bend in columns 37-41)
15 Standard 90° pipe elbow

16 Standard 145° pipe elbow

17 Long 90O pipe elbow

18 Standard pipe tee - flow through main

19 Standard pipe tee - flow through branch

20 Close return bend

21 Gradual contraction

22 Gradual expansion

23 Sudden contraction

13



CODE DESCRIPTION

2L Sudden expansion

25 Orifice

99 K-factor provided by the user (K-factor value coded in columns 53-58)
2.1.6.5 EQUIVALENT LENGTHS

Equivalent lengths are used to compute the head loss through bends,

fittings, components, etc, according to the relationship:

Ah = £ (Ie/D) \27—8

Where:
Ah = head loss, ft.
f = friection factor

Ie/D = equivalent length, diameters
V = fluid velocity, ft./sec.
g = gravitational acceleration ft./sec./sec.

If the user chooses to have the program use an equivalent length in

the head loss computation for a member, he should code one of the numbers

listed below, otherwise the field (columms 50-51) should contain zero or

blank.

In the descriptions below "tubing" refers to roughness on the order

" of smooth tubing while "pipe" refers to roughness on the order of cast pipe.

See Section 3.1.2 for the equivalent length values which are -built into. the .

program,
CODE DESCRIPTION
1 Straight pipe, code the length (feet or inches) in columns 18-2k
" and code the roughness (inches) in columns T73-T79
2 Tubing bend (code the angle of the bend in columns 37-41)
3 Standard 90° pipe elbow
4 Standard 45° pipe elbow
5 Long 90° pipe elbow
6 Close return bend
T Gate Valve
8 Swing check
9 Angle Valve
10 Globe valve

1h



CODE DESCRIPTION

11 Standard pipe tee - flow thru main

12 Standard pipe tee - flow thru branch

99 Bguivalent length (Ie/D) provided by the user in columns 53-58,
2.1.7 NODE CARDS

NODE cards are used to input elevation and temperature data for the

nodes in the system. Temperature data may be coded on TEMPERATURE cards

instead of on the NODE cards if desired. If a node does not have elevation

data coded for it on a NODE card, the elevation at that node is considered
tobe X=0, I =0, Z=0. Thus for nodes that have elevation X = 0, Y = O,
Z = O the NODE card may be omitted provided that the fluid temperature for
that node is coded on a TEMPERATURE card.

CARD FIELD
COLUMNS TYPE DATA
1 A N
2 X blank
3-5 I Node number
6 X blank
-9 I >If a node number 1s coded in this field, the elevation

and temperature data coded on the remainder of the

card will be assigned to all node numbérs from the node
number coded in columns 3-5 to and including the node
number coded in this field. If, for example, 10 is
coded in columns 4 and 5 and 130 is coded in columns
T-9, then nodes 10 thru 130 would all have the elevation
and temperature coded on the remainder of the card.

Any of the comnsecutive numbers between 10 and 130 that
are not actual node numbers assigned by the user are
ignored. If columns 7-9 are left blank, the temperature
and eleva%ion data re-assigned only to the node whose

number appears in columns 3-5.

15



CARD FIELD

COLUMNS TYPE DATA
10 X blank
11-18 T X-elevation
19-26 F Y-elevation
2734 F Z-elevation
35-42 F Temperature, deg. F.
43-80 X blank

2.1.8 PRESSURE CARDS

PRESSURE cards are used to fix a pressure at a node.

CARD FIELD
COLUMNS TYPE DATA
1 A P
2 X blank
3-5 I Node number
6-8 X blank
9-14 F Pressure, psi (must be a positive number or zero)
15-80 X blank

2.1.9 TEMPERATURE CARDS

If no elevation data is to be input (see Sect. 2.1.8), the TEMPERATURE
cards are used to specify the fluid temperatures at the nodes. If each node
has a different fluid temperature, there will be as many TEMPERATURE cards
(with all but the first node number field left blank) as there are nodes --
one for each node. If, however, several nodes have the same fluid temperature,
those node numbers may be listed on a single TEMPERATURE card. If a number
is coded in the first node number field, the second node number field is left
blank, and a number is coded in the third node number field, all nodes having
consecutive node numbers starting with the number in the first field and up
to (and including) the number in the third field will be assigned the
temperature that appears in the fluid temperature field of the card. If
some of the intermediate numbers are not actual nodes, they are merely

ignored.

16
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CARD FIELD

COLUMNS TYPE DATA
1 A T

2-3 X blank

4-6 T First node number
7-8 X blank

o-11 I Second. node number
12-13 X blank

14-16 I Third node number
17-18 X blank

19-21 I Fourth node number
22-23 X blank

2h-26 I Fifth node number
27-28 X blank
29-31 I Sixth node number
32-33 X blank

34-36° I Seventh node number
37-38 X blank

39-41 I Bighth node number
ho-L3 X blank

Ll _L6 I Ninth node number
L7.48 X blank
Lho-51 I Tenth node number
52-53 X blank

54-56 T Fleventh node number
57-58 X blank

59-61 I Twelfth node number
62-65 X blank

66-72 F Fluid temperature, °F.
72-80 X blank

Examrles:

(2) If a TEMPERATURE card has 16 coded in columns 5 and 6 and 1201.0 coded
in columms 66 thru Tl, a fluid temperature of 2201.0°F. will be assigned
to node 16.

LT



2.2

If a TEMPERATURE card has 10 coded in colummns 5, and 6, a 55 coded in
columns 10 and 11, a 105 coded in columms 14 thru 16, and 662.5 coded
in columns 66 thru 70, then a fluid temperature of 662.5°F. will be
assigned to nodes 10, 55, and 105,

If a TEMPERATURE card has 5 coded in column 6, 200 coded in columns 1k
thru 16, and 1152.0 coded in columns 66 thru T1l, then all nodes having
node numbers between and including 5 and 200 will be assigned a fluid

temperature of 1152.OOF.

PRINTED OUTPUT

MUFAN produces four types of printed output for each case: Card Input
Listing, Member Flow Characteristics, Flow and Pressure Drop, and
Pressure. Fach type of printout is discussed in detail below and the
printed output for a sample problem appears in Appendix A. The date
(month/day/year) and the time of day (0000-2400) that the problem
was run‘are printed at the top of each page of MUFAN printed output.

2.2.1 CARD INPUT LISTING

The cards in the deck for a case are listed exactly as they are punched.
When errors in the data deck are detected by MUFAN, a descriptive

error message is printed out and MUFAN skips to the next case (if any).

2.,2.2 MEMBER FILOW CHARACTERISTICS

The following information is printed out for each member: member
number (in ascending numerical order), type, length, outside diameter
(D1), wall thickness, radius, angle, D2, roughness, Le/D, K-factor.,
Items in the preceding list that do not apply to a particular member
are printed out as asterisks for that member. In the event that
errors in the data are detected, MUFAN prints out a descriptive error

message and skips to the next case (if any).

2.2.3 FIOW AND PRESSURE DROP

The flow rate (1b/hr) in each branch is printed out immediately followed
by the pressure drop through each member on that branch. The pressure

drop is also broken down into pressure drop due to changes in elevation

18



and pressure drop due to friction losses. Cumulative pressure drop
along the branch is also printed out. Fixed flow rates, pressure
drops and pressure rises are followed by an X. Free pressure drops are

enclosed in parentheses.

2.2.4  PRESSURE

2.3

The pressure at each node in the system is printed out. Fixed pressures

are followed by an X.

SAMPLE PROBLEM

The schematic for the system to be solved is shown in Figure 2. Node
numbers have already been assigned. Additional system data appears

in Figure 3.

Figure 4 contains the coding sheets filled out for this problem. The
first card coded is the BEGIN card. A 1 in column 4 indicates that

the fluid to be used is NeK, 1.0 in columns 15-17 indicates that there
is a 1.0 g acceleration in the Y-direction, and 1 in column 60 indicates
that the lengths, bend radii, and elevations are to be coded in inches.
The remaining fields are left blank, which means that the default values
shown in section 2.1.1 for the absolute error, relative error, and
maximum number of iterations will be used. If for a problem which must
be solved iteratively (such as this sample problem) it may be necessary
to specify different values in order to get a satisfactory solution

(see Section 3.3.1).

The next two cards coded are LABEL cards which provide a title to be
printed at the top of each page of the printout. Since the HRPMA

(185 to 10) is a pump, a pump type number is coded in column 45 of the
MEMBER card. The upstream and downstream diameters and wall thicknesses
are also coded. A CQ card gives the flow rates (in GPM) and a CP card
gives the corresponding heads (in feet) for a type 1 pump. (Nobe that
if there were other identical pumps in the system, they could all have

a 1 coded in column 45 of their MEMBER cards and only the single set of

19
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FIGURE 3 - ADDITIONAL SYSTEM DATA

Condenser PIR
Q, lb/hr AP, psi Q, Ib/br = AP, psi
30,000 2.3 32,000 0.33
40,000 3.5 40,000 0.48
54,000 6.4 48,000 0.70
70,000 12.5 56,000 1.00
65,000 1.35
70,000 1.56
Radiator Cooling Circuit
Q, 1b/hr AP,psi Q, 1lb/hr AP, psi
30,000 3.0 0 0
50,000 5.0 4,000 16.0
70,000 7.0 8,000 64 .0
HRPMA
Q, GPM Head, ft. Fluid Temperature
0 143 Nodes 10 thru 85 417°F
30 12 Nodes 90 thru 135 Lo0°w
60 135 Nodes 140 thru 185  L17°F
90 118
120 93
150 6L
180 30 Y Blevation
Node(s) Y, inches
10 thru 85 Lo.o
90 thru 95 85.0
100 thru 120 75.0
125 thru 135 120.0:
140 thru 185 40.0
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CQ and CP shown would be required.) The concentric reducers are coded
as a Gradual Expansion (22 in columns 48-49) in the case of member
25-30, and as a Gradual Contraction (21 in columns 48-49) in the case
of member 165-170. The HRNDV is coded as having its K-factor input
by the user (99 in columns 48-49); the K-factor is coded in columns

53-58.

Suppose we wish to find the pressure drop needed across the valve

HRFCV such that the flow rate in that branch is 55,000 lb/hr. We can
fix the flow rate in the branch by indicating a fixed flow rate

(a 1 in column 44) on the MEMBER card for the first member in the branch,
50-55. We can then make member 60-65 a free pressure drop by coding

a 2 in column 43 of its MEMBER card, and the program will compute the

required pressure drop.

The Condenser, PIR, Radiator, and Cooling Circuit are coded as component
types 1, 2, 3 and 4, respectively; and their characteristica are

coded on the corresponding CQ and CP cards. Member 205-210 is coded

as an orifice by coding 25 in columns 48-49 of its MEMBER card. The
orifice diameter (Do) is coded in columns 53-58 and the outside diameter
and wall thickness are coded in columns 25-30 and 31-36 respectively.
Fluid temperature data is eoded on TEMPERATURE cards and elevation data
ls coded on NODE cards. The pressure at node is 5.0 psi by a PRESSURE
Card. A listing of the MUFAN computer program appears in Appendix A.

Suppose that the system to be analyzed contains liquid bismuth instead

of liquid NaK. ILiquid bismuth has the properties shown below (Ref. 9):

Temp., °F. 0, 1b/st> A, 1b/sec-ft

600 625 1,09 x 1073
800 616 0.90 x 1073
1000 608 0.7h x 1073
1200 600 0.62 x 1073
1400 591 0.53 x 1073

A 6 would be coded in column b4 of the BEGIN card and FT, FD, and FV
cards would be coded as shown in figure 5. Note that the viscosity data

must be converted to lb/hr-ft.
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2.4 LIMITATIONS

The following limitations apply to thg current version of MUFAN:

(a) Node numbers must be integers between (and including) 1 and 500.
(b) The maximum number of members allowed is 600.

(¢) The maximum number of Branches allowed is 150.

(d) The maximum number of Branch Points allowed is 100,

(e) Pressure cannot be fixed at a Branch Point.

(f) An open Branch must have either a fixed flow rate and/or have

the pressure at its End Point fixed.
3.0 ANALYSIS

The problems handled by MUFAN are limited to those involving one
dimensional incompressible steady state fluid flow, The approach taken

involves an application of the Bernoulli Squation:

2

(3.1) 2+ + 1 =z c P 4 + Ah

1LLp, 288 © 1ML, 288 2

Where: Z = elevation, ft.
P = pressure, psi
P = weight density, 1b/ft3
V = bulk velocity, ft/sec
g = gravitational acceleration, ft/sec/sec.

Ah12 = friction head loss between 1 and 2, ft.
Subscript 1 denotes the upstream station and subscript 2 denotes the

downstrxeam station. Use is also made of the continuity equation:

(3.2) P Ay V) =P By TV,
Where: A = area, ft2

If we assume that the density is the same at stations 1 and 2, that is:

P1=P2 = FPre

we can rewrite equation 3.1 as:
2

2
: \'4 v
(3.3) hhprp 2y + By + 2150 _ P m, + By +[12 4 AP,
2g 2g
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Where: AP, = llLLLPlE Ah,, = friction head loss, psi

The subscript 12 denotes properties of the member connecting stations

1 and 2. It is convenient to define a fluid resistance, r 5y 88 follows:

1
(3.4) P, + 1l+l+@012 L, =B, + 1&&&2 Z, + v, Q

Where : Typ = resistance, psi-hr/1b

Q = weight flow rate, 1b/hr
= 3600‘,012 Al v, o= 3600/012 A2 v,

Then, from 3.3 and 3.L:

2 2
(3.5) rpp =% Pro (Vo -V ) + AP,

2g
For members having the areas at stations'l and 2 equal, 3.5 reduces to:
(3.6) rip = & g 12

A Branch is a line consisﬁing of one or more members connected end to
end. The weight flow rate in each member of a Branch is the same (from
continuity; equation 3.2). The system to be analyzed may consist either of
a single branch, or, of three or more branches connected to form a network.
The points at which three or more branches meet are called Branch points.
Examples:

Branch

L L ‘g

10 15 20 25 30
System with 4 Branches and 2 Branch Points

V{4

/4

q

776 /8

2o i 30

28



If a node is connected to only one other node, then it is an End
Point. Both examples above have 2 End Points each. The resistances of the
members in a Branch may be summed along the Branch to give the total resist-
ance of the Branch, R; and, the elevation head at each node in the branch
(relative to the node preceding it in the branch) may be summed to give the
elevation head of the end of the branch relative to the beginning of the

branch, E:

n-1
(3.7 Ry = . 7 LT, i+a
n-1
(3.8) B = . > ) i, 1+1 (Zy 41 2, )

The subscripts on R and E indicate that the Branch connects Branch
(or End) Point I to Branch (or End) Point J. The fluid conductance of a

branch is:

(3.9) Gy =_12

Rry

The net flow out of each Branch Point must be zero, This require-

ment is satisfied for the IEE Branch Point if:

(3.10) [
- + -+ ]_ -
? GIJ PI PJ (EIJ & PIJ> i x QIK 0
J#K

Where: PI = pressure at Branch Point I
PJ = pressure at Branch Point J
A PIJ = pump pressure rise and/or fixed pressure rise on

Branch IJ (if any)

QIK = fixed flow rate in Branch IK
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The index J runs over all Branch Points (and End Points) connected
to Branch Point I by a Branch not having a fixed flow rate; the index K runs
over all Branch Points (and End Pointg) connected to Branch Point I by a

Branch having a fixed flow rate. The signs in front of E AP

13> & Py 804 Qg
are positive if the positive direction of flow in a Branch ig from J (or K)
to I. The posgitive direction of flow iIn a branch depends on how the members
are coded (see section 2.0).

The solution of the set of equations 3.10 proceeds as follows:

(a) An initial guess igs made for the values of the flow rates in
all the Branches with non-fixed flow rates.

(b) In each of the Branches with non-fixed flow rates the current
estimate of the flow rate in that Branch is used to compute the conductance
of the Branch.

(¢) The set of equations (3.10) is set up and solved for the Branch
Point pressures.

(4) The new values of the Branch Point pressures along with the
current values of the Branch conductances are used to compute a new egtimate
for the flow rate in each Branch not having a fixed flow rate.

Steps b through d are repeated until succesgsive estimates of each
Branch flow rate agree sufficiently.

The sections which follow contain a more detailed discussion of the

items discussged.

3.1 FRICTTON HmAD T.0OSS COMPUTATIONS

The method by which the friction head logs through a mermber is com-

puted depends on the type of member. Three distinct methods are used:

30
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(3.11) AP=K ggég
L pV’2
(3.12) AP=f D 288g
(3.13) A P=TF(Q)
Where: A P = friction head losgs, psi
K = K-factor, dimensionless
f = friction factor, dimensionless
L = length, ft.
D = dismeter, ft.
p = weight density, 1b/ft3
V = bulk velocity, ft/sec
g = gravitational acceleration, ft/sec/sec
F(Q) = a relationship between A P and Q which 1g specified

by tabular data (see section 2.1.2)
Q = weight flow rate, lb/hr

3.1.1 K-FACTORS

The K-factors listed in Table 1 below are computed by the program
from input supplied by the user. In the table below the velocity used to
compute the friction head loss in equation 2.11 ig identified as either 1
for inlet veloccity or 2 for outlet velocity. K-factors which are not given
by a congtant, a gimple table of values, or an algebraic expression are
given in Appendix B. In the descriptions below "Tubing' refers to fittings
having wall roughness on the order of smooth tubing, while "piping" refers
to fittings having wall roughness on the order of cagt pipe. Linear inter-

polation is used in the tables for pipe fittings to determine K-factors for
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intermediate values of inside diameter. Fittings with ingide diameters less
than 0.5 inches are assigned the K-factor for 0.5 inches; fittings with in-
gide diameters greater than 4.0 inches are assigned the K-factor for 4.0

inches.

32
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TABLE 1 - K-FACTORS

Degcription Velocity K~factor Ref.
30° or 45° Tubing branch -flow out 1 (See Appendix B) 1
thru branch
60° Tubing branch - flow out thru 1 (See Appendix B) 1
branch
90° Tubing branch - flow out thru 1 (See Appendix B) 1
branch
45° Tyubing branch from 90° elbow - 1 (See Appendix B) 1
flow out thru branch
7° Tubing branch from 90° elbow - 1 (See Appendix B) 1
flow out thru branch
15° Tubing branch from 155° elbow- 1 (See Appendix B) 1
flow out thru branch

° . 2 o
135° Tubing branch - flow out thru 1 K=3.0 /357 o
branch . TE \
/
45° Tubing branch - flow thru main 1 K=0.15 A‘L 2
& 15

90° Tubing branch - flow thru main 1 K=0.1 2
2 Bl 4

135° Tubing branch - flow thru main 1 K=0,06 <\ 2
;)| — |2

15° Tybing branch - flow in thru branch 1 K=3.0 | ; 2
2,
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TABLE 1 ~ K~-FACTORS (continued)

Description Velocity K~factor Ref.
90° Tubing branch - flow in thru 1 K=1.2 2
branch /

L—P 2
135° Tubing branch - flow in thru 1 K=0.5 2
branch ir\
\1> 2

Tubing bend, O deg. 1 (See Appendix B) 3
90° standard piping elbow 1 I.D. 0.5 1.0 2.0 k.0 2

K 0.82 0.68 0,58 0.50
45° standard piping elbow 1 I.D. 0.5 1.0 2,0 Lk.0 2

K 0.4370.36 0.30 0.26
90° long piping elbow 1 I.D. 0.5 1.0 2.0 4.0 2

K 0.55 0.45 0.38 0.33
Standard piping tee - flow thru main 1 I.D. 0.5 1.0 2,0 L.,0 2

K 0.55 0.45 0.38 0.33
Standard piping tee - flow thru branch 1 I.D. 0.5 1.0 2.0 4.0 2

K 1.7 1.4 1.2 1.0
Close return piping bend 1 I.D. 0.5 1.0 2.0 4.0 2

K 1.L 1.2 0.9 0.82
Gradual contraction 2 (See Appendix B) 2
Gradual expansion 1 (See Appendix B) 2
Sudden contraction 2 (See Appendix B) 2

Y .

Sudden expansion 1 X = (l - Kg— > 2
Orifice 1 (See Appendix B) h, 7
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3.1.2 EQUIVALENT LENGTHS

The equivalent lengths (Le/b) listed in table 2 below are computed
by the program from input supplied'by the user. The following relationships

are used by the program to compute the friction factor: (Reference 6):

48Q
(3.1%) R = 3600 T D
(3.15) £ = %5— for R £ 2100
(3.16) 1 = 2 1ogy v<gj> + 1.1 - 2 log, [ 1+ R <i;f§§ ]
/f : D.//f
for R L kOO0
Where: R = Reynold's number

Q = Weight flow rate, 1b/hr

D = Ingide diameter, in.
b= Viscosity, 1b/ft-hr.
f = friction factor

e = Roughness, in.

In the transition region (2100 < R < 4000) interpolation is performed
between the value of the friction factor a R=2100 and the friction factor at
R=L000.

The equivalent length values in Table 2 are for fully turbulent flow.
A correction is made for laminar flow as follows (Reference L4):

(3.17) R
(Le/D)p umaz = 1000 (Te/D) mypmuranT
for R < 1000

The equivalent length and friction factor values described above are

usged in equation 3,12 to compute the friction head loss.
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TABLE 2 - EQUIVALENT LENGTHS

Description Le/D Ref.

Straight pipe (Pipe Length)/(Inside diameter)
Tubing bend, © deg. (Le/D)=0.0202 X pt-10p 0032 5

r/D 1.0 1.5 2.0 2.5 3.0 4.0

X 3.0 1.7 1.3 1.2 1.3 1.8

r/D 5.0 6.0 7.5

X 2.1 2.7 3.5

X = 0.482 r/D for r/D > 7.5

r = Bend radius ‘

D = ingide diameter

R = Reynold's number
90° standard pipe elbow (Le/D) = 30.0 2
45° standard pipe elbow (Le/D) = 16.0 2
90° Long pipe elbow (Le/D) = 20.0 2
Close return pipe bend (Le/D) = 50.0 2
Gate Valve (Le/D) = 13.0 2
sﬁing Check (Le/D) = 135.0 2
Angle Valve (Le/D) = 145.0 2
Globe Valve (Le/D) = 340.0 2
Standard pipe tee - (Le/D) = 20.0 2
flow thru main
Standard pipe tee - (Le/D) = 60.0 2

flow thru branch

3.2

FLUTD DENSITY AND VISCOSITY

The density and viscosity (as a function of temperature) of Nak,

liquid mercury, and 4P3E used by MUFAN was obtained from reference (8); that

of liquid water was obtained from reference (9).

The data is coded in tabu~

lar form in the program and subroutine INTL (see ref. 10) is used to perform

interpolation in the tables.
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3.3 OLUTION PROCEDURE

The set of equations represented by (3.10) may be written in matrix

form as follows:

o B e ™
Pig by Py Py Py
(3.18) LS . . . . P, F,

NT

Where: N = number of Branch Points

N+M
b= T G

T oW
bry = G

M = number of End Points

v
il

pregsure at Branch Point T

N
F.o=-3% 26 _(BE._+AP )+T tq
T 321 T \VTIJ 1J X X

J#K
N-+M
+ Z G [ Pt (E._+AP.) ]
Loy I L 17 17
L#K

P_. = fixed pressure at an End Point
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Gaussian elimination (with pivoting) is used to solve the system of

equations (3.18) for P P

N The new estimate for the flow rate in

l, . e & 5

each Branch not having a fixed flow rate is computed as:

629 @y =F {ogtoy [p-mra; oz )

Where: is the new flow rate estimate

1
e 1y
QIJ is the old flow rate estimate

1
The Q Ty are uged to compute a new set of G_.. and pump A P's which

IJ
are in turn substituted in the system of equations (3.18) which are solved
for a new get of PI's, « » . ete. This process continueg until sufficilent

convergence of flow rates is obtained.

3.3.1 CONVERGENCE CRITERTA

In any iterative solution process it is necessary to have some method
of deciding when a sufficiently accurate solution hag been achieved or,
failing this, a method of terminating the process after some reasonable
number of steps. A good estimate of the accuracy of the solution at any
point is the "closeness" of two successive estimates of flow rates. The
lterative process is terminated if either of the following relationships

hold for each Branch in the gystem:

o |
Vg =%y | & %o

or,
’ —
Q IJ QIJ L €n
D
Where: Q,IJ is the new estimate for the flow rate in Branch IJ
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QIJ is the old estimate for the flow rate in Branch IJ

GA,iS the abgolute error tolerance

] 1
D is the smaller of Q 17
and QIJ

€r is the relative error tolerance
If the criteria given above are not met after the nunber of iterations
gpecified by the user have been performed; the lteration process is halted

and an error message is printed.

3.3.2  STABILITY AND RATE OF CONVERGENCE

As an illustration of the behavior of the iter ion procedure,

congider a gystem with a fixed pressure drop across it.

10 100

o1 SYSTEM |—=

Fixed /// \'\ Fixed

Pregssure Pressure

Starting with an initial estimate of the flow rate, QO, the regist-
ance 1g determined. Using the registance and the fixed pressure drop a new
estimate of the flow rate, Ql, ig debermined, . . . ebtc. A graphical

exanmple of this process follows.
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AP
SYSTEM
o eoo AP
|
|
|
|
. L Fipmer
FA
474 % \Qa 47, Q\? ?

It is evident from the first four iterationg that the process ig diverging
from the golution. In order to remedy this situation, let the new estimate

for the flow rate be:

1

1
Qn+l T2 (Qn * Q‘n+l)

Where: is the flow rate determined by the method used above.

1
Q n+l

A graphical example with this new flow rate follows.

Lo



AR

SYSTEM

/ AP
&,

e

Ap—

@

It is evident that this modified iteration procedure converges rapildly

Y A N

|
1
!
[
|
s
I
I
|
& 7

to the correct solution. As a further 1llustration of the behavior of the

iteration procedure, consgider a system with a pump.

PUMP

SYSTEM

b1

P2



Starting with an initial estimate of the flow rate, Qo’ the resistance
and the pump A P are determined. Using the registance and the pump A P a
new egstimate of the flow rate, Ql, is determined, . . . etec., All pump A P's
after the initial one are computed as:

_ 1 '
AP —Q(APN+AP

N+L N+l)

Where A P' is the value of pump A P which corresponds to QN+1'

A graphical example of this process appears below.

AP

_SYSTEM
El

! | YA
| g 2
| | |
i I | AR
| I
| | |» :
o of
o
| | |

- IQ . i ] r—_—

The example indicates that the iteration process converges to the

solution rapidly.
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APPENDIX B
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| 144 p
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